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Abstract
The Mexico City Metropolitan Area (MCMA) study in April 2003 had measurements of
most atmospheric constituents including OH and HO2. It provided a unique opportunity
to examine atmospheric oxidation in a megacity that has more pollution than typical
US and European cities. OH typically reached 0.35 pptv (∼7×106 cm−3), comparable5
to amounts observed in US cities, but HO2 reached 40pptv in the early afternoon,
more than observed in most US cities. A steady-state photochemical model simulated
the measured OH and HO2 for day and night to within combined measurement and
modeling uncertainties for 2/3 of the results. For OH, measured = 0.65 (modeled)
+ 0.026 pptv, with R2=0.80. For HO2, observed = 0.70 (modeled) + 3.4 pptv, with10
R2=0.64. Measurements tended to be higher during night and rush hour; the model
was higher by ∼30% during midday. With a large median measured OH reactivity of
more than 120 s−1 during morning rush hour, median ozone production from observed
HO2 reached 50ppb hr
−1; RO2 was calculated to have a similar ozone production rate.
For both the HO2/OH ratio and the ozone production, the measured values have the15
essentially same dependence on NO as the modeled values. This similarity is unlike
other urban studies in which the NO-dependence of the measured HO2/OH ratio was
much less than the modeled ratio and the ozone production rate that was calculated
from measured HO2 unexpectedly appeared to increase as a function of NO with no
obvious peak.20
1. Introduction
Megacities contain not only millions of people but also elevated levels of airborne pol-
lutants. These pollutants are generated by the transportation and industry necessary
to support these millions. The fast chemistry that transforms primary pollutant emis-
sions of nitrogen oxides (NOx) and volatile organic compounds (VOCs) is initiated by25
reactions of the hydroxyl radical, OH, with VOCs. The subsequent reactions produce
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the hydroperoxyl radical, HO2, which reacts with NO to reform OH and create NO2,
resulting in the production of the pollutant ozone (O3). Low volatility VOCs are also
generated, resulting in the formation of secondary organic aerosol mass. Together,
OH and HO2, called HOx, form a rapid reaction cycle that drives this atmospheric
chemistry.5
Several field studies that include HOx measurements have been conducted in ur-
ban environments in the United States, including Los Angeles, California (George et
al., 1999), Nashville, Tennessee (Martinez et al., 2003), Houston, Texas (Martinez et
al., 2002) and New York City, New York (Ren et al., 2003a). Field studies with HOx
measurements have also been conducted in urban air in Europe as well, including10
Berlin, Germany (Volz-Thomas et al., 2003, and accompanying papers) and Birming-
ham, United Kingdom (Heard et al., 2004; Emmerson et al., 2005). The Mexico City
Metropolitan Area (MCMA), a megacity, has more pollution than any of these other
urban environments (Molina and Molina, 2002).
OH and HO2 and other atmospheric constituents important for studying atmospheric15
oxidation were measured during the Mexico City Metropolitan Area 2003 (MCMA-2003)
study, which was held in the MCMA during April 2003. MCMA is at a high altitude
(∼2240m) near the equator at 19◦25′N latitude. At this high altitude and low latitude,
intense solar radiation penetrates to the surface causing active photochemistry. In ad-
dition to the radiation, the area’s orography, with mountains to the west, east, and south20
of the metropolitan area, traps pollutants in the basin. As a result, MCMA experiences
high pollution levels. These simultaneous measurements were an opportunity to de-
velop a better understanding of MCMA’s high pollution levels of ozone and secondary
particulate matter. They also stretch the envelope of polluted environments that have
been studied with a complete measurement suite that includes measurements of the25
radicals OH and HO2.
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2. Description of the MCMA 2003 study
2.1. Site description
Measurements of OH and HO2 were made from the roof of the building that houses
the National Center of Investigation and Environmental Qualification (CENICA) on the
Iztapalapa campus of the Autonomous Metropolitan University in Iztapalapa, Mexico5
City. Iztapalapa lies in the south-central MCMA, due south of the downtown area by
∼7 km. The university is located in a semi-residential and semi-industrial area. To the
west and south of the university are mainly residential areas; to the north and east are
several factories and industries.
Northerly (southward) wind, which is usually the dominant surface-wind direction10
during the daytime hours, generally brings air from the downtown to this site. The
winds from all other directions bring air from the surrounding suburbs to the site. In
contrast to mid-latitude megacities, high pollution episodes can occur year-round in
the MCMA because the subtropical highs that dominate the weather throughout the
year are conducive to active photochemistry. During the winter and spring months,15
the area is normally under an anticyclone with light winds and clear skies. As a re-
sult, strong surface-based inversions usually persisted several hours into the morning.
Strong solar heating eventually breaks down the inversion and pollutants then mix into
a very deep boundary layer of around four km. This study was held in April to avoid
the wetter summer months (June–September) because clouds and precipitation inhibit20
strong photochemistry (Molina and Molina, 2002). However, in 2003, the summertime
pattern began in April, resulting in frequent clouds and some rain in the afternoon.
2.2. GTHOS (Ground-based Tropospheric Hydrogen Oxides Sensor)
OH and HO2 were measured by the Penn State Ground-based Hydrogen Oxides Sen-
sor, called GTHOS. A brief description of the measurement technique and instrument25
is given here; a full description can be found in Faloona et al. (2004). GTHOS mea-
6044
ACPD
5, 6041–6076, 2005
Atmospheric
oxidation in the
Mexico City
Metropolitan Area
T. R. Shirley et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Print Version
Interactive Discussion
EGU
surement of OH and HO2 is based on FAGE (Fluorescence Assay by Gas Expansion)
(Hard et al., 1984). The air sample is drawn through an orifice (1.0mm diameter) into
a low-pressure chamber at a pressure of 4–5 hPa. As the air passes through a laser
beam, OH is excited by the laser and then detected at a wavelength near 308 nm. Col-
lisional quenching of the excited state is slow enough at the chamber pressure that5
the weak OH fluorescence extends beyond the prompt scattering (Rayleigh and wall
scattering) and is detected with a time-gated microchannel plate (MCP) detector.
OH is detected in the first of two detection axes. In a second axis, HO2 is chemically
converted to OH by reaction with reagent NO that is added to the flow between the
two axes. The resultant OH is then detected by LIF. The laser wavelength is turned on10
and off resonance with an OH transition every 10 s. The OH fluorescence signal is the
difference between on-resonance and off-resonance signals.
GTHOS was calibrated before, during, and after the study using the techniques de-
scribed in Faloona et al. (2004). The upper-limit of the absolute calibration uncertainty
was estimated at ±32% (at the 95% – 2 σ-confidence level). The OH detection limit15
can be defined from twice the standard deviation of the background signal and was
0.01 part per trillion by volume, or pptv, (∼2×105 cm−3) for a 1-min integration period.
The HO2 detection limit (with 2σ-confidence, 1-min integration time) was estimated to
be 0.1 pptv (∼2.0×106 cm−3).
During the campaign in Mexico City, GTHOS was mounted approximately 18m20
above the ground on the third level of a scaffolding tower (Fig. 1). Ambient air was
pulled through the system by a vacuum pump that was located directly beneath the
measurement tower. The electronics and calibration equipment were housed in an
air-conditioned hut that was directly adjacent to the tower.
2.3. TOHLM (Total OH Loss Measurement)25
The first-order OH loss rate, called the OH reactivity, was measured with the Total
OH Loss Measurement instrument (TOHLM) (Kovacs and Brune, 2001; Kovacs et al.,
2003; DiCarlo et al., 2004). It was mounted on the first level of the tower, approximately
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14m above the ground. The inlet hose for TOHLM was mounted just below the inlet of
GTHOS on the third level of the tower.
The TOHLM method is analogous to the discharge-flow technique used in laboratory
kinetics studies. OH is generated at mixing ratios of a few 10’s of parts per trillion by
volume (pptv) by ultraviolet light from a mercury lamp. This light photodissociates water5
vapor, creating OH and H in a nitrogen flow inside a 1-cm diameter movable tube. H
rapidly reacts with trace O2 in the N2 to form HO2. This moveable tube is in the center
of a 7.5-cm diameter glass flow tube through which ambient air is drawn by a fan with
a total sampling flow rate of about 140 l min−1 and a residence time of 0.1–0.4 s. The
OH is injected through radially drilled holes at the end of the movable tube, mixed10
turbulently into the air flow, and detected by an OH detector at the end of the flow
tube. The detection technique is low-pressure laser induced fluorescence, as is used
for GTHOS. OH reacts with trace constituents in the air flow and, as the movable tube
is drawn further away from the detector, the observed OH signal decreases.
The OH reactivity, kOH, is the slope of the logarithm of the OH signal, S
OH, as function15
of the time (the distance divided by the velocity) minus the OH loss to the flow tube’s
walls, kwall:
kOH=−∆ ln
(
SOH
)
/∆time−kwall (1)
Each decay took 4.3min, with 20 s at each of 13 steps, 10 s measuring OH plus the
background signal and 10 s measuring the background signal. The OH signal de-20
creased by a factor of 10–20 over the 13 steps. Typically, the OH wall loss rate, kwall,
was 1.5±0.4 s−1. Generally, OH mixing ratios were 10–30 pptv inside the glass tubing.
2.4. TOHLM correction technique
Kovacs et al. (2003) and Ren et al. (2003a) discuss the need to correct OH reactivity
measurements for the OH-recycling reaction:25
HO2 + NO→ OH + NO2 (R1)
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When levels of NO are below 1ppbv, the measured decays are generally linear and
the slopes correct to within 10% (Kovacs et al., 2003). However, when ambient levels
of NO are higher, the decays have concave curvature as HO2 reacts with the NO to
reform OH. In past studies where the TOHLM instrument was used, NO concentrations
infrequently reached levels that required significant corrections or measurements from5
those times were excluded from further analysis. However, in MCMA during rush hour
(05:00–09:00 CST), NO exceeded 50ppbv 40% of the time and 100ppbv 12% of the
time. This frequent contamination of the decays led to a need for a new correction
technique that allows kOH to be measured at much higher values of NO than earlier
methods (Kovacs et al., 2003).10
The rate equation for [OH] is given by the expression:
d[OH]
dt = −kOH[OH] + kNO+HO2[NO][HO2]
= −kOH[OH] + kNO+HO2[NO]R[OH]
(2)
where kOH is the OH reactivity (s
−1) and R is the measured [HO2]/[OH] ratio. Assuming
that the average value for R can be used for each time step, this expression can be
integrated to give the value of [OH] at time step t1:15
[OH]1=[OH]0 exp (−kOH(t1−t0)) exp(+kNO+HO2[NO]R (t1−t0)) (3)
The desired [OH] value is given by the expression [OH]0exp(-kOH (t1−t0)). Thus the
corrected [OH] at time t1 is given by the expression:
[OH]c1=[OH]1 exp
(
−kNO+HO2[NO] [HO2]0,1 (t1−t0)
[OH]0,1
)
(4)
where [OH]0,1 and [HO2]0,1 are average concentrations of times 0 and 1. Since the20
observed OH and HO2 signals are proportional to [OH] and [HO2] by the calibration
factors, COH and CHO2, which for TOHLM are the same, the OH signal can be corrected
for the first time step by the expression:
Sc1=exp[−(∆S1/S0,1)] ∗ S1 (5)
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where ∆S1=kNO+HO2 [NO] S
HO2
0,1 (t1–t0) and S
HO2
0,1 is the averaged HO2 signal for times
t0 and t1.
In order to correct subsequent points, we must realize that the points are not inde-
pendent of one another. Points S1 and S2 are then scaled by S
c
1 by multiplying by
Sc1/S1, so that the slope between S1 and S2 is preserved but the starting point is S
c
15
(Fig. 2). The correction given in Eq. (4) is then applied to S2 and the equation for S
c
2
takes the form:
Sc2=exp[−(∆S1/S0,1)] ∗ exp[−(∆S2/S1,2)] ∗ S2 (6)
where exp[–(∆S1/S0,1)] is simply the S
c
1/S1 that was calculated in Eq. (5). Each subse-
quent point is calculated in this manner assuring that each point is scaled to the one10
before it.
This correction technique was tested in the laboratory (Fig. 3). In this example, NO
was ∼75ppbv, a normal rush-hour value for Mexico City. The theoretical calculated de-
cay from the NO and ultra zero air mixture is 14.9 s−1. The uncorrected decay, 8.87 s−1,
is only 60% of what is calculated, while the corrected decay is 14.6 s−1. Agreement15
between the calculated and corrected decays is well within the uncertainties of the
TOHLM technique and the reaction rate coefficient for OH + NO + M→ HONO + M.
This correction technique was used on a wide range of NO concentrations, from 10–
200ppbv (Fig. 4). To ensure that this technique would work when other reactants were
present, several different concentrations of CO were added to the instrument along20
with the NO. In all but one case (with and without the addition of CO) the corrected
OH decays were within 15% of the theoretical values. However, the correction factor
for decays when NO>100ppbv grows to a factor of ∼2–3 and becomes more uncer-
tain, since small errors in SHO2/SOH ratio and in NO become more important. Using
estimates of the uncertainties in these two terms and considering the number of points25
used in the decays, we estimate that the uncertainty in the correction is ∼10%, 1σ
confidence. Because the correction for 75 pptv of NO is roughly 1.7, the total absolute
uncertainty for the corrected OH reactivity is ±25%, 1σ confidence, for 75 pptb of NO.
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2.5. Model description
OH and HO2 measurements were compared to a constrained steady-state photochem-
ical model, which is briefly described here. A more complete description can be found
in Ren et al. (2003b). During the MCMA campaign the following ancillary data were
continuously measured: O3, CO, SO2, NO, NO2, CH4, HCHO, HONO, temperature,5
pressure, relative humidity, wind speed, and wind direction. Speciated VOCs were
measured at CENICA for four days before and three days after the HOx measure-
ments (Lamb et al., 2004) and were measured at other locations while HOx was being
measured at CENICA. These speciated VOCs were averaged for each half-hour that
they were measured over the seven days and summed into VOC types (e.g., internal10
alkenes) that the model uses. For the model calculations, the abundance for each
VOC type was determined by assigning the same fraction of the measured OH re-
activity from VOCs to that VOC type and then calculating the VOC type’s abundance
from that fraction of the OH reactivity divided by the reaction rate coefficient. Since
the standard deviation of each fraction was generally less than 35% and the fraction15
of OH reactivity due to each VOC type was similar at CENICA and three other urban
sites, this method should work in an average sense. This method has been shown to
give good results between measured and modeled HOx in other studies (Ren et al.,
2005a, b1).
The Regional Atmospheric Chemistry Mechanism (RACM) (Stockwell et al., 1997)20
was used to calculate the OH and HO2 concentrations. Kinetic rate coefficients were
updated using the results by Sander et al. (2003). Reactions of O3 with alkenes have
been largely revised to represent latest radical yields suggested by recent experiments
(Paulson et al., 1999; Rickard et al., 1999; Fenske et al., 2000). Heterogeneous reac-
1Ren, X., Brune, W. H., Oliger, A., Metcalf, A. R., Lesher, R. L., Simpas, J. B., Shirley, T.,
Schwab, J. J., Bai, C., Li, Y., Demerjian, K. L., and Roychowdhury, U.: OH and HO2 during the
PMTACS–NY Whiteface 2002 Campaign: Observations and Model Comparison, J. Geophys.
Res., submitted, 2005b.
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tions of HNO3, SO3, and N2O5 were included in the model. The assumption of steady-
state certainly applies to OH, which had a lifetime shorter than 0.1 s and generally to
HO2, which has a lifetime less than a few 10 s of seconds.
The model was run with the FACSIMILE software (UES Software Inc). Model input
was constrained to the ten-minute average values of O3, NO, NO2, CO, SO2, cate-5
gorized VOCs, water vapor, temperature, pressure, and photolysis frequencies, which
were either measured if available or calculated with the NCAR TUV transfer model
and scaled by measured solar UV radiation. The data coverage allowed model cal-
culations only for the period between 14 April and 22 April. OH, HO2, NO3, organic
peroxyl radicals (RO2), and other intermediates were calculated. The uncertainty in10
this RACM model was estimated to be ±45% for OH and ±70% for HO2, with 2σ con-
fidence. These uncertainties are based on the combined uncertainties of the kinetic
rate coefficients (Sander et al., 2003; Stockwell et al., 1997), the measured chemical
concentrations, and the measured and calculated photolysis frequencies, as estimated
with a Monte Carlo approach (as in Carslaw et al., 1999).15
3. Results and discussion
MCMA 2003 was an excellent opportunity to study the atmospheric chemistry of a
megacity that has improving air quality but still more air pollution than a typical US or
European city. A goal of MCMA was to better understand the sources and chemical
transformations of MCMA’s air pollution. The suite of measurements assembled at the20
CENICA site enable calculations of atmospheric reactive constituents, particularly OH
and HO2, and of other pollution products. These calculations can then be compared to
the observations.
The comparison of the observations at MCMA to those in US urban areas is also
instructive. We compare our MCMA observations to our observations taken in New25
York City (NYC) in July 2001 (Ren et al., 2003a, b). New York City provides a good
comparison because it is similar to MCMA in some ways, such as population, but
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strikingly different in other ways, such as the ratio of VOCs to NOx.
Ozone in MCMA 2003 was significantly greater than ozone in NYC in 2001 (Fig. 5a).
The median MCMA O3 peak of 100 ppbv was twice that of NYC. The maximum value
occurred closer to local noon by about 2 h in MCMA than in NYC. Nighttime values
were similar in the two locations, with minimum ozone at morning rush hour. In both5
studies, the observed ozone was less than typical due to atypical weather conditions.
Ozone production depends on both NOx and VOCs. The speciated VOCs measured
in MCMA 2003 have been compared to the typical US urban values (Lamb et al., 2004),
which are not significantly different from the speciation in New York City, although total
VOCs in MCMA were ∼3 times larger than in the typical US city. However, NOx was10
greater in Mexico City than in NYC only during morning rush hour (Fig. 5b), when,
MCMA’s median NOx was 110ppbv, almost twice NYC’s NOx. During the afternoon,
both cities had about 20 ppbv of NOx. Nighttime NOx was typically 20–35ppbv in both
cities. Interestingly, the ratio of peak NOx in the two cities – 2 – is similar to the ratio
of peak O3. The comparison of surface concentrations distorts the differences in NOx15
and VOC emissions, since the midday mixed layer for MCMA was typically 4 km above
the surface, while the mixed layer for NYC was typically 1 to 1.5 km. Thus, MCMA’s
emissions were substantially greater for both NOx and VOCs.
3.1. OH reactivity measurements
In MCMA, the OH reactivity, kOH, had a strong peak of ∼120 s−1 during morning rush20
hour, 25 s−1 during midday, and ∼35 s−1 at night (Fig. 6). It is also similar to the diurnal
behavior of NOx, which is consistent with a large transportation source of both OH
reactivity and NOx. This behavior contrasts with the OH reactivity in NYC, which was
typically 20 s−1 the entire time, with a small increase during morning rush hour (Fig. 6).
The MCMA morning peak is about 5 times what was found in NYC.25
The comparison of the measured OH reactivity to the calculated OH reactivity is
complicated by the timing of the two measurements during the study. Speciated VOCs
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were measured just before and just after the period that OH reactivity was measured.
A direct comparison is thus not possible. However, when the measured and calculated
OH reactivity are plotted as a function of time of day, they are similar in absolute value
and diurnal behavior (Fig. 6).
From calculations, 75±16 % of this reactivity is due to VOCs during daylight hours5
with the lowest values when NO2 is greatest at 09:00 CST, while 84±7% is due to
VOCs during night. Examining the OH reactivity due only to VOCs, the ratio of the
OH reactivity per ppbC of VOCs was 0.056±0.017 s−1 ppbC−1 in MCMA, but was ∼3
times greater at 0.15±0.02 s−1 ppbC−1 in NYC. This difference is consistent with the
differences mainly in the alkane abundances between MCMA and typical US cities10
(Lamb et al., 2004). NYC in 2001 had approximately 1.5 times less VOCs than the
typical US urban area.
3.2. OH and HO2: measured and modeled values
OH was measured on 21 days in Mexico City from 5 April to 26 April 2003 (Fig. 7); HO2
was measured on 18 days from 8 April to 26 April 2003 (Fig. 8). The NO addition to the15
HO2 axis was deliberately delayed so that any potential interference that it might cause
could be detected as a change in the OH measurement. No change was detected. OH
was fairly consistent from day-to-day, with midday peak values of 0.25–0.4 pptv ((5–
8)×106 cm−3). The effects of clouds on OH production can be seen in the reduction
in OH on several afternoons. Variability was greater for HO2 than for OH. Peak HO220
varied from 15pptv (∼3×108 cm−3) to 60 pptv (∼12×108 cm−3).
The OH diurnal cycle becomes more distinct when OH is plotted as a function of
time-of-day (Fig. 9a and c). The median OH peaks at 0.35 pptv (∼7×106) cm−3 at
local noon. The nighttime values ranged from 0.05 pptv (∼1×106 cm−3) to below the
detection limit (0.01 pptv or 2×105 cm−3) for 1-min measurements.25
The observed OH in MCMA is similar to the observed OH in NYC, despite the large
differences in OH reactivity, sunlight, and HOx production rates between the two cities
(Fig. 9a). The peak value in New York City is shifted 2 h past solar noon, but at 0.28 pptv
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is only 20% lower than the average peak OH for MCMA.
The modeled OH shows similar behavior to the measured OH (Fig. 9c). The
measured-to-modeled OH ratio is 1.07 during morning rush hour (05:00–09:00 CST),
0.77 during midday (10:00–14:00 CST), and 1.07 at night (20:00–04:00 CST). Daytime
median modeled OH agrees with the daytime median OH measurements to well within5
the measurement uncertainty (±32%, 2σ confidence) and the model uncertainty. The
linear fit of measured OH as a function of modeled OH has a slope of 0.65, and inter-
cept of 0.026 pptv, and a correlation coefficient of 0.80. This slope is consistent with
the tendency in the measured-to-modeled OH ratio, since the measured OH tends to
be larger during the night and morning when OH is low while the modeled OH tends to10
be greater during midday, when the OH is greater. Relatively good agreement between
median measured and modeled OH at night contrasts with poor agreement exceed-
ing a factor of 5 in some other urban environments (Martinez et al., 2003; Ren et al.,
2003b).
The HO2 peak is narrower than the OH peak and is shifted one hour later. HO215
persisted at ∼5 pptv (0.5 to 20 pptv) during the night. HO2 has a diurnal profile that
peaked at ∼40 pptv at 13:00, and decreased to less than 0.5 pptv at sunrise, when HOx
production was just beginning to increase but when copious rush-hour NO effectively
scavenged HO2.
The HO2 in MCMA was generally ten times larger than the HO2 was in NYC (Fig. 9b).20
This large difference results from the large difference in the HOx sources, although
the MCMA photolysis frequencies were only about twice those in NYC. The big differ-
ence is the greater amount of HCHO in MCMA. It peaks at ∼20 ppbv in the morning
(R. Volkamer, private communication, 2005), represents about 40% of the HOx source,
and is about 15 times larger in MCMA than in NYC during midday. Ozone, which is25
twice as large in MCMA as in NYC, also contributes to the difference in HOx. The HOx
sink, which is predominantly the reaction OH+NO2+M→HNO3+M, is comparable in
the two cities except during morning rush hour, when it is twice as large in MCMA. The
difference in OH reactivity translates directly into the difference in HOx, which in turn
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determines the ozone production rates.
The model simulates the median measured HO2 to well within the measurement
and modeling uncertainties (Fig. 9d). The midday measured-to-modeled ratio is 0.79;
the nighttime ratio is 1.25. During morning rush hour, the observed-to-modeled ratio is
1.17. The linear fit of measured HO2 as a function of modeled HO2 has a slope of 0.70,5
and intercept of 3.4 pptv, and a correlation coefficient of 0.64. The model appears to
produce too much HOx during the daytime.
These MCMA HOx measurements are a good example of the buffering effects of the
OH production and loss processes. Over the course of the study, HO2 peak values
varied greatly from day-to-day, indicating dramatic changes in HOx sources, but OH10
peak values remained relatively unchanged, as can be seen by comparing Figs. 7 and
8 and by comparing the MCMA and NYC median HOx values in Fig. 9. That HO2 is
much more sensitive to HOx sources and sinks than OH suggests that HO2 must be
measured along with OH to really test and understand the radical chemistry.
For MCMA 2003 midday HO2/OH was typically 120, with low values of 10–15 during15
morning rush hour and high values of 200 at night (Fig. 10). This behavior is quite
different from New York City, where the ratio was typically ∼15 at all times (Ren et al.,
2003a). The difference in the midday HO2/OH ratio between MCMA and NYC is due to
differences in NO, which was typically less than 1 ppbv in MCMA but 5 ppbv or higher in
NYC, and the OH reactivity, which in MCMA was typically 1.5 times that in NYC. When20
HOx cycling is faster than HOx production and loss, the HO2/OH ratio is approximately
given by the equation:
[HO2]
[OH]
≈ kOH[OH]
kNO+HO2 [NO]
(7)
Increasing the numerator in Eq. (7) by 1.5 and decreasing the denominator by ∼5
provides the difference in the MCMA and NYC HO2/OH ratios.25
The measured HO2/OH ratios display the same dependence on NO as the modeled
ratio (Fig. 10) for NO between 1 and 100ppbv. Both the measured and modeled ratios
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vary approximately as the 12 power of NO, whereas an NO power dependence of 1 to
2 is expected. This less-than-theory power dependence comes from the co-emission
with NO of atmospheric constituents that react with OH, thus increasing HO2. While
such good agreement between the measured and modeled ratio is expected, this be-
havior is not observed in some other urban areas. Typically, the measured HO2/OH5
has had a much shallower slope with respect to NO than the modeled ratio does (Ren
et al., 2003; Martinez et al., 2003; Emmerson, 2005).
3.3. OH production and loss
MCMA’s OH reactivity of 20 s−1 during most of the day and 120 s−1 at morning rush
hour implies OH lifetimes of 50ms to 8ms. This lifetime is much shorter than the time10
scales for other processes, including mixing of emissions, changes in photolysis, and
other chemistry. As a result, OH should always be in steady-state. The OH production
should equal the OH loss:
P(OH)=2JO3f[O3][H2O] + JHONO[HONO] + kNO+HO2[NO][HO2] + kO3+VOC[O3][VOC]
+other smaller terms=kOH[OH]=L(OH) (8)15
f is the fraction of O(1D) that is produced from O3 photolysis and reacts with H2O to
produce OH. The OH loss is determined simply from the product of [OH] and the OH
reactivity, both of which are measured. Over 80% of the OH production is controlled by
[HO2] and [NO], both of which are measured. The first three OH production terms were
calculated from measurements; the fourth term, OH production from O3 and alkenes,20
was taken from model results and was less than 5% of the total.
P(OH) and L(OH) are in balance to within the combined 2σ uncertainties of the OH
production and loss terms (Fig. 11). The difference L(OH) – P(OH) should be zero
for the entire day, but it is actually slightly negative during morning rush hour (05:00-
09:00 CST), implying greater-than-expected production. Smaller L(OH) – P(OH) differ-25
ences at morning rush hour were observed in Nashville (Martinez et al., 2003) and in
New York City (Ren et al., 2003a).
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These differences at morning rush hour are not beyond the measurement uncertain-
ties, and yet they are persistent from study to study. For MCMA between 07:00 and
08:00 CST, OH production is double the OH loss. Previous attempts to explain these
differences with instrumental artifacts for HO2 have failed (Ren et al., 2004); however, it
is possible that our laboratory tests of the correction algorithm for HO2+NO→OH+NO25
do not apply to MCMA air, with its more complex composition. This explanation, how-
ever, seems unlikely.
If the measurements are correct, then the imbalance in the OH production and loss at
morning rush hour indicates problems with known urban photochemistry. We are left
with the conclusion that some aspect of the HOx-NOx photochemistry may need re-10
examination. One solution would be that some products of the reaction HO2+NO are
not OH+NO2. Instead, this imbalance provides evidence that some of the HO2+NO re-
action results either in HOx removal or couples with another reaction that rapidly cycles
back to HO2 without going through OH. The uncertainty in the MCMA measurements
does not allow us to distinguish between HOx removal or rapid cycling. A study of the15
imbalance in the NOx photostationary state led Volz-Thomas et al. (2003) to a similar
and possibly related conclusion: an unknown process is converting NO to NO2 without
resulting in ozone production.
3.4. Instantaneous O3 production
The net instantaneous O3 production is in some ways a better indicator of the connec-20
tion between ozone precursors and ozone than is the ozone mixing ratio itself (Klein-
man et al., 2000). Instantaneous ozone production is not subject to the uncertainties in
physical processes like horizontal advection, planetary boundary layer height changes,
entrainment of free-tropospheric air, and dry deposition. On the other hand, because
it does not take these physical processes into account, it is a poor indicator of the ac-25
tual ozone mixing ratios that will occur. Never-the-less, it does provide insight into the
chemical processes that create ozone at the CENICA site.
The net instantaneous photochemical O3 production can be calculated by the equa-
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tion:
P(O3)=kHO2+NO[NO][HO2] + ΣkRO2i+NO[NO][RO2i]−kOH+NO2+M[M][NO2][OH]−P(RONO2) (9)
For urban environments like MCMA, including the NO2 lost to HNO3 or organic nitrate
(RONO2) formation can offset ∼10% of the ozone production and must be included. If
P(O3) is calculated only from the measured quantities HO2, NO, OH, and NO2, then5
only the first and the third terms are retained. This reaction, of course, assumes that
all of HO2+NO forms OH+NO2 and that NO2 is photolyzed to produce ozone.
For the period between 14 April and 22 April when the measurement suite was com-
plete enough for model runs, P(O3) calculated from measured HO2 peaked at 48 ppbv
hr−1 while P(O3) calculated from modeled HO2 peaked at 86 ppbv hr
−1 (Fig. 12). Both10
peaks are broad and achieve maximum values near 10:00 CST. Peak values on some
days were greater than 100ppbv hr−1. The greater modeled P(O3) in late morning is
due to the greater modeled HO2 then.
The NOx peak at morning rush hour is mainly due to fresh NO emissions (Fig. 5).
Beginning at about 05:00 CST, O3 was drawn down by the reaction with NO to form15
NO2, but the sum of NO2+O3 remained relatively constant. As P(O3) began to increase
at 06:00 CST, NO2+O3 began to increase, but more than 90% of the produced O3 was
partitioned into NO2 by reaction with NO. O3 did not begin to really rise until about
07:30 CST, when NO had fallen to half its peak value and J(NO2) had climbed to 16%
of its peak value. Thus, the sum of NO2+O3 rose along with P(O3), while the O3 rise20
appears to have been delayed by about 1.5 h (Fig. 12).
In New York City, the median mid-morning P(O3) from HO2 was 12ppbv hr
−1, peak-
ing at 11 EDT. On a few days, P(O3) from HO2 reached as high as 50 ppbv hr
−1, but
on many days, its peak value was less than 10 ppbv hr−1. This ozone production rate
from HO2 is about five times smaller than that observed in MCMA. The differences in25
the measured HO2 in MCMA and NYC is the difference in P(O3).
P(O3) is expected to increase until NO reaches a few ppbv, after which P(O3) de-
creases as HO2 begins to decrease greater than linearly with NO. In some environ-
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ments, P(O3) did not have the expected decrease as NO exceeded a few ppbv (Mar-
tinez et al., 2003; Ren et al., 2003a, 2005a). This unexpected behavior can be directly
attributed to the less-than-expected decrease in HO2 or HO2+RO2 at greater NO. In
MCMA 2003, the behavior of HO2 as a function of NO is not dramatically different from
the model (see Fig. 12). If the measurements and models are segregated into data for5
which HOx production exceeded 2×107molecules cm−3 s−1, which are typically mid-
day values, and for HOx production for 10
6 − 107molecules cm−3 s−1, which is typical
of morning and evening rush hour, the P(O3) calculated from measured and modeled
HO2 show similar behavior as a function of NO (Fig. 13). The data are sparse, but
P(O3) appears to peak when NO is 20 to 30 ppbv.10
It is not clear why P(O3) calculated from measured HO2 appears to behave as ex-
pected for MCMA 2003 while it did not for other urban areas. New York City in winter-
time is an extreme example of unexpected behavior (Ren et al., 2005a). It has been
speculated that the greater-than-expected HO2 at greater NO is due to unknown HOx-
NOx chemistry. Since the greatest difference between NYC and MCMA is the VOC15
levels, it may be that the rapid cycling of HOx through VOC chemistry reduces the
impact of the unknown HOx-NOx chemistry on HO2.
The cumulative daily surface ozone production from HO2 at the CENICA site was cal-
culated to be 319ppbv by measurement and 335 ppbv by model. The model suggests
that the total ozone production from HO2 and RO2 was 629ppbv, since modeled RO220
was typically 1.5 times modeled HO2. These cumulative values are for the CENICA
site only. To relate ozone production to observed ozone requires the knowledge of the
temporal and spatial variations of P(O3) and O3 throughout the MCMA.
4. Summary and conclusions
The MCMA 2003 study stretched the envelope of the pollution levels for which such25
a complete set of atmospheric measurements that included OH and HO2 have been
obtained. We summarize several conclusions from this study.
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First, even in an environment with such high loadings of NOx and VOCs, steady-
state photochemical models were generally able to simulate the measured OH and
HO2. The model tends to produce too little OH and HO2 during night and morning rush
hour and too much during midday. We are investigating to see if these differences are
due to errors in the HOx sources or the HOx in the model. The agreement between the5
measured and modeled HOx is as good as or better than that obtained in other urban
environments (George et al., 1999; Martinez et al., 2003; Ren et al., 2003b; Heard et
al., 2004).
Second, a surprising result is the good agreement between the measured and mod-
eled HO2/OH ratio as a function of NO. This agreement is better than we have seen in10
any other environment where NO exceeded a few ppbv. The difference between these
other urban areas and MCMA is not particularly the NOx abundance, which is similar
to that in New York City, but instead is the large amounts of VOCs, which result in high
OH reactivities.
Third, while the OH sources and sinks are both substantially increased over those15
in US cities, the resulting OH is similar to that observed in US cities. Not so for HO2,
which was greater in MCMA than in US cities and thus directly responsible for the
differences seen in the ozone levels between MCMA and US cities.
Fourth, the OH reactivity was higher than we have observed in any other environ-
ment, reaching more than 120 s−1 in morning rush hour. Our correction scheme for20
HO2+NO→OH+NO2 allows OH reactivity measurements in much more polluted en-
vironments than before. While the overlap between measured OH reactivity and spe-
ciated VOCs was poor, the diurnal patterns and values are qualitatively similar. This
observation is consistent with our observations in New York City and Houston, Texas,
unlike our measurements in Nashville (Kovacs et al., 2003) and other measurements25
in Tokyo (Sadanaga et al., 2004), both of which were 30% greater than calculated OH
reactivity.
Fifth, the balance between OH production and OH loss is generally consistent with
the expected OH steady state balance. A possible exception is during morning rush
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hour when OH production exceeds OH loss by as much as a factor of two. While the
differences are not statistically significant, they do bear watching because they suggest
errors in HOx-NOx photochemistry.
Sixth, the apparent good agreement between the net instantaneous ozone produc-
tion calculated from measured HO2 and from modeled HO2 stands in contrast to previ-5
ous urban studies. Examining the differences between the atmospheric compositions
in these different environments may illuminate the cause of the unexpected results in
the other studies.
Finally, the combination of high OH reactivity, abundant sunlight, and NOx at morning
rush hour jump starts ozone production, which from HO2 alone reached ∼50ppbv hr−110
by mid-morning. Similar results are found by R. Volkamer (private communication,
2005). Had the meteorological conditions not produced afternoon clouds, occasional
rain, and below normal temperatures, midday ozone levels would have been greater.
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Figure 1. Schematic of the instruments on the CENICA building roof. Both the Penn State 
instruments (GTHOS and TOHLM) were on the flux tower with their inlets within 1 meter of 
one another. Collaborative measurements were also taken on the rooftop by other research 
groups. 
Fig. 1. Schematic of the instruments on the CENICA building roof. Both the Penn State instru-
ments (GTHOS and TOHLM) were on the flux tower with their inlets within 1m of one another.
Collaborative measurements were also taken on the rooftop by other research groups.
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Figure 2. An example of correcting an OH decay for NO interference. The top curve 
represents the OH decay with NO interference; the bottom curve is the corrected decay.   
Fig. 2. An example of correcting an OH decay for NO interference. The top curve represents
the OH decay with NO interference; the bottom curve is the corrected decay.
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Figure 3. Laboratory test of the NO correction technique with an average NO concentration of 
76.5 ppbv. The top curve represents the original OH decay (squares) with a calculated decay 
rate of 8.9 s-1; the bottom curve is the corrected OH decay (triangles) with a calculated decay 
rate of 14.6 s-1. The theoretical decay rate is 14.9 s-1. 
Fig. 3. Laboratory test of the NO correction technique with an average NO concentration of
76.5 ppbv. The top curve represents th original OH decay (squares) with a calculated d cay
rate of 8.9 s−1; the bottom curve is the corrected OH decay (triangles) with a calculated decay
rate of 14.6 s−1. The theoretical decay rate is 14.9 s−1.
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Figure 4. The ratio of corrected OH decays to the theoretical calculated decays for a wide 
range of NO values. Decays with just NO (diamonds) and with NO and CO (squares) are both 
corrected to the expected value with this technique.  
Fig. 4. The ratio of corrected OH decays to the theoretical calculated decays for a wide range of
NO values. Decays with just NO (diamonds) and with NO and CO (squares) are both corrected
to the expected value with this technique.
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Figure 5. Diurnal variation of pollutants. (a). Median ozone in MCMA 2003 (solid line) and 
NYC 2001 (plusses). (b): Median NOx in MCMA 2003 (solid line) and NYC 2001 (plusses). 
Gray dots are individual MCMA measurements.  
Fig. 5. Diurnal variation of pollutants. (a) Median ozone in MCMA 2003 (solid line) and NYC
2001 (plusses). (b)Median NOx in MCMA 2003 (s lid line) and NYC 2001 (plusses) Gray dots
are individual MCMA measurements.
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Figure 6. Diurnal variation of median measured OH reactivity in MCMA 2003 (connected 
circles) and NYC 2001 (solid line). Gray points are individual MCMA measurements. Plusses 
are the composite median profile of OH reactivity calculated from the measured inorganic and 
VOC species. Scatter in the calculated OH reactivity is similar to the scatter in the measured 
OH reactivity (gray points).   
Fig. 6. Diurnal variation of median measured OH reactivity in MCMA 2003 (connected circles)
and NYC 2001 (solid line). Gray points are individual MCMA easurements. Plusses ar the
composite median profile of OH reactivity calculated from the measured inorganic and VOC
species. Scatter in the calculated OH reactivity is similar to the scatter in the measured OH
reactivity (gray dots).
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Figure 7. Time series in CST of all the 1-minute averaged OH data during the MCMA-2003 
study. 
 
Fig. 7. Time series in CST of all the 1-min averaged OH data during the MCMA-2003 study.
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Figure 8.  Time series in CST of all the one-minute averaged HO2 data during the MCMA-
2003 study. 
Fig. 8. Time series in CST of all the one-minute averaged HO2 data during the MCMA-2003
study.
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Figure 9. Diurnal variation of OH and HO2 for MCMA between 11 April and 21 April. (a): 
Measured OH in MCMA (solid line) and in NYC (plusses); (b): measured HO2 in MCMA 
(solid line) and NYC (plusses); (c) measured OH (solid line) and modeled OH (plusses) in 
MCMA; (d) measured HO2 (solid line) and modeled HO2 (plusses) in MCMA. Gray dots are 
individual MCMA measurements.  
Fig. 9. Diurnal variation of OH and HO2 for MCMA between 11 April and 21 April. (a)Measured
OH in MCMA (solid line) and in NYC (plusses); (b) measured O2 in MCMA (solid line) and
NYC (plusses); (c) measured OH (solid line) and modeled OH (plusses) in MCMA; (d) mea-
sured HO2 (solid line) and modeled HO2 (plusses) in MCMA. Gray dots are individual MCMA
measurements.
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Figure 10. Dependence of the measured (o) and modeled (+) [HO2]/[OH] ratio with NO. Gray 
dots are individual 10-minute measurements. Lines are added to aid comparison. 
Fig. 10. Dependence of the measured (o) and modeled (+) [HO2]/[OH] ratio with NO. Gray
dots are individual 0-min measurements. Lines are add d to aid comparison.
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Figure 11. Diurnal variation of the median OH production (circles) and median loss (plusses), 
and median loss – production (dot-dash line) for MCMA. Err r bars are 2-σ absolute 
uncertainty on OH loss - OH production. 
Fig. 11. Diurnal variation of the median OH production (circles) and median loss (plusses), and
median loss – production (dot-dash line) for MCMA. Error bars are 2-σ absolute uncertainty on
OH loss – OH production.
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Figure 12. Diurnal average of instantaneous photochemical ozone production (P(O3)). 30-
minute median P(O3) from measured HO2 (solid line) is compared to 30-minute median P(O3) 
from modeled HO2 (plusses). Median observed ozone is the dashed line. Gray dots are 
individual 30-minute median P(O3) from measured HO2. 
Fig. 12. Diurnal average of instantaneous photochemical ozone production (P(O3)). 30-min
median P(O3) from measured HO2 (solid line) is compared to 30-min median P(O3) from mod-
eled HO2 (plusses). Median observed ozone is the dashed line. Gray dots are individual 30-min
median P(O3) from measured HO2.
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Figure 13. P(O3) from HO2 as a function of NO. Median P(O3) is plotted for HOx production 
< 2 x 107 molecules cm-3 s-1 as calculated from measured (circles, solid line) and modeled 
(plusses, dashed line) HO2 and for HOx production of 106 – 107 molecules cm-3 s-1 for 
measured (squares, solid line) and modeled (x’s, dashed line) HO2. Gray dots are individual 
P(O3) from measured HO2. 
Fig. 13. P(O3) from HO2 as a function of NO. Median P(O3) is plotted for HOx production
>2×107molecules cm−3 s−1 as calculated from measured (circles, solid line) and modeled
(plusses, dashed line) HO2 and for HOx production of 10
6−107molecules cm−3 s−1 for mea-
sured (squares, solid line) and modeled (x’s, dashed line) HO2. Gray dots are individual P(O3)
from measured HO2.
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